One obvious question that must follow is what atmospheric limits should be worked to. Until the last few years very little was known about safe limits for long continuous exposure to toxic gases. A wealth of material exists for the 40-hour working week (Ministry of Labour 1965) but this refers to intermittent 8 h/day exposure, and while for some compounds a straight reduction by a factor of 4 may be applicable, for many it is not. In practice, for some gases where the derived limit on this basis would impose an impossible burden on the designer, the concept of threshold limit values used in toxicology generally has had to be replaced by one which allows metabolic changes to occur but keeps these reversible on a time/concentration rationale.
Microbiological studies carried out in nuclear submarines are discussed by Mr Morris (see p 17). A submarine crew is a closed community and its epidemiology is analogous in some respects to the few remaining closed communities elsewhere. From a hygiene and microbiological viewpoint it is much more complex than this. The crew live at very close quarters and a ready exchange of body flora occurs. The climate is relatively constant and the atmosphere contains many chemical contaminants, both of which factors may influence the survival of organisms. There is an absence of the normal bactericidal effect of ultraviolet light, but some of the air purification machinery may more than adequately compensate for this. Lastly, the crew may be intermittently exposed to airborne concentrations of enteric microorganisms to a much higher level, and for longer, than elsewhere.
Climatic control is important not only in its own right but also as a factor which may modify or alter the effects of other physiological stresses. Air conditioning is particularly vital when a submarine is submerged. Conventional submarines have lacked the electric power to deal with this. The nuclear submarine has plentiful electric power, but contains a reactor that generates vast quantities of wild heat, and a steam turbine producing even more heat and usually leaking steam. Thus, without the ability to blow the heat and moisture overboard, air conditioning in machinery spaces can never be entirely satisfactory. Some degree of heat stress is therefore often present and, while for most of the crew this is below any clinical level, its presence may be significant in other contexts.
Finally, we must consider whether each, or the sum total, of these stresses is significant. If it is, we have four alternatives: we can accept the risk and do nothing; we can correct the particular environmental factor or factors concerned, but this may be either unduly expensive or otherwise impractical in terms of space or power; we can increase our screening procedures to identify susceptible crew members; or we can consider protective routines, either in diet or in terms of chemical additives or prophylaxis by drugs, to correct the imbalance that our environment has produced. The Effects of Extended Hypercapnia
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The toxic effects of extended exposure to raised levels of carbon dioxide in the atmosphere have always been ofcardinal importance in submarines. No obvious long-term effects have been seen at levels of up to 5% for short periods, although acute effects are well marked at this level. The acceptable upper limit for short exposures is 3 % in diesel electric powered submarines where access to surface air is frequently necessary.
The development of the nuclear powered submarine, with its almost unlimited underwater endurance and completely sealed environment, necessitated the establishment of a level of CO, which was safe for ninety days' exposure, and 1.5 % was set initially. Little work had previously been carried out on the effects of long-term exposure to low-levels of CO2 though Meessen (1948) and Zinck (1949) had shown that necrotic damage and calcification in the kidneys and degenerative lesions in other organs could occur in animals exposed to 3-5 % CO2 for three weeks.
Schaefer and his associates have carried out a considerable amount of work on chronic CO2 exposure in animals and humans at levels from 15 % -1.5 % C02. Their work culminated in 'Operation Hideout' in which volunteers were exposed for six weeks to 1.5% CO2 in a submarine with control and recovery periods in fresh air (Schaefer, Hastings, Carey & Nichols 1963; Schaefer, Nichols & Carey 1963 , 1964 . At 1.5 % CO2 a mild respiratory acidosis occurs that remains uncompensated as indicated by the venous pH until after three weeks of exposure, when the venous pH returns to normal. The Pco2 remains raised throughout and indicators of physiological stress show that the raised Pco2 is a more important stressor than the acidosis itself. CO2 excretion by the lungs falls early in exposure, rises after compensation and shows marked peaks on Day 1 and Day 8 of recovery. The urinary bicarbonate excretion is biphasic with a marked increase in excretion during the compensated phase and a peak of excretion on Day 2 of recovery. The serum calcium also shows a significant biphasic variation corresponding with the venous pH, though the serum inorganic phosphorus remains elevated throughout. Urinary calcium excretion is reduced throughout and remains low into the recovery period, with a peak of excretion on Day 8 ofrecovery.
On the basis of the peaks of pulmonary CO2 excretion and urinary bicarbonate excretion during recovery, one can postulate at least three body stores for CO2 with different time constants. From the biphasic changes seen, the body stores appear to take some three weeks to saturate with CO2 before the excess eventually overflows into the urine. The largest store is probably the bone and the decrease in plasma calcium during the uncompensated phase may reflect deposition of calcium together with CO2 in the bones as carbonate during this phase. Freeman & Fenn (1953) showed that the bone plays a large part in CO2 storage, and Fahri & Rahn (1955) showed that it normally stores over 100 litres of CO2 as carbonate. Cherniack & Longobardo (1970) indidicated that the bone storage volume available can increase with time and it seems feasible for the bone to store the 1000 litres or so of CO2 accumulated under the conditions of 'Operation Hideout'. The conjunction of peaks of CO2 excretion, serum calcium and calcium excretion on Day 8 of recovery signifies the concurrent release of calcium and CO2 from bone after the exposure conditions have reverted to normal. As a result of his work at various levels of CO2, Schaefer (1961) postulated a concept of three tolerance levels for CO2 exposure and proposed that a level of 0.7 % would be safe for continuous exposure as neither changes in physiological status nor long-term adaptive processes would occur.
The calcium and phosphorus levels measured by Gray et al. (1969) in British submariners at 1 % CO2 showed changes similar to those observed by Schaefer at 1.5 %, and a further study not yet published shows that at 0.7% CO2, Schaefer's predicted safe level, the calcium and phosphorus levels still show a biphasic variation after about three weeks of exposure, leading us to question the validity of his prediction. The urinary excretion patterns of calcium and phosphorus at this level are most significant, the reduced excretion of calcium, particularly, still being present well into the recovery period.
A recent study on a life support system for a 90-day sealed capsule voyage carried out by the National Aeronautical and Space Agency (1971) with a maximum level of CO2 of 0.5%, again showed significant alterations in calcium and phosphorus patterns.
We have recently observed that the reduced excretion rate of calcium seen in the recovery period is still present some four months later. This is significant in the Polaris programme, because at this stage the submariners will be embarking on their next patrol. The position in the hunter-killer type of nuclear submarine, where the CO2 levels are often higher and no two-crew system exists, merits further consideration.
The question of the long-term consequences of the changes described is impossible to answer at the moment. It is probable, however, that some physiopathological debt must be paid for allowing the body to be exposed continuously to 1 % or even to 0.5% CO2. This debt may have to be repaid in terms of calcium deposition in body tissues, and if the major organ for deposition is the kidney, the consequences can be visualized. The studies are complicated by the presence of other factors within the submarine environment including the presence of carbon monoxide and other contaminants, the possibility of major effects on calcium metabolism from vitamin D depression, the continuous consumption of distilled water, the lack of physical exercise, and dietary changes, which are all a necessary accompaniment to submarine life. The studies themselves are difficult to carry out comprehensively in an operational submarine and in order to investigate the effects of CO2 in isolation, further human work will be carried out in an environmental chamber now being built at the Institute of Naval Medicine where men will live in a completely sealed, fully controlled environment for the periods of time necessary for the changes of concern to be examined.
